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(J. Ahnn).Dicarbonyl/L-xylulose reductase (DCXR) converts L-xylulose into xylitol, and reduces various a-dicar-
bonyl compounds, thus performing a dual role in carbohydrate metabolism and detoxiﬁcation. In
this study, we identiﬁed DHS-21 as the only DCXR ortholog in Caenorhabditis elegans. The dhs-21
gene is expressed in various tissues including the intestine, gonadal sheath cells, uterine seam (utse)
cells, the spermathecal-uterus (sp-ut) valve and on the plasma membrane of spermatids. Recombi-
nant DHS-21 was shown to convert L-xylulose to xylitol using NADPH as a cofactor. Dhs-21 null
mutants of C. elegans show defects in longevity, reproduction and egg-laying. Knock-down of daf-
16 and elt-2 transcription factors affected dhs-21 expression. These results suggest that DHS-21 is
a bona ﬁde DCXR of C. elegans, essential for normal life span and reproduction.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction patient’s urine displays enormous reducing power. This reﬂectsDicarbonyl/L-xylulose reductase (DCXR), which converts L-xylu-
lose to xylitol, belongs to the short-chain dehydrogenase/reductase
(SDR) and aldo–keto reductase superfamilies. In some fungi and
yeasts, DCXR functions in the oxy-reductive L-arabinose pathway
to catabolize L-arabinose, the second most abundant pentose sugar
after L-xylose in plants [1]. In higher organisms, DCXR functions in
the glucuronate pathway, an alternative route to glucose-6-phos-
phate oxidation, which accounts for up to 5% of total glucose catab-
olism in humans [2]. DCXR deﬁciency causes human essential
pentosuria, which is often misdiagnosed as diabetes because thechemical Societies. Published by E
drogenase; SDR, short-chain
th medium; EM, electron
cience, Hanyang University,
Lee), joohong@hanyang.ac.krthe high urinary content of L-xylulose, a ﬁve-carbon reducing su-
gar, in this condition [3].
Carbonyl compounds are routinely generated in the course of
various metabolic reactions and by oxidative stress in vivo [4].
Molecules bearing a-dicarbonyl groups are highly reactive and
tend to combine with vital tissue components to produce advanced
glycation end-products (AGEs). The AGE content of tissues is asso-
ciated with kidney renal failure, and a constellation of age-related
diseases. DCXR reduces certain a-dicarbonyl compounds, as well
as aromatic aldehydes and aromatic ketones, from both endoge-
nous and xenobiotic sources [5].
DCXR expression displays tissue-speciﬁc regulation in both nor-
mal and clinical conditions. Expression proﬁling and protein puri-
ﬁcation reveal high levels of DCXR expression in mammalian renal
tubules and liver extracts [5]. The DCXR may also be essential for
human sperm maturation and fertility, because P34H, a protein
identical to DCXR, is highly expressed in epididymis and is absent
on the surface of less motile sperm from infertile males [6]. Humanlsevier B.V. All rights reserved.
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expression is markedly increased in T lymphoma cells induced to
undergo apoptosis by toxic environmental substances [9]. How-
ever, DCXR gene regulation in normal physiological processes is
not well understood.
Although properties of DCXRs from various species have been
characterized biochemically, regulatory features of the gene have
been little explored in genetically altered model organisms. Cae-
norhabditis elegans, a free-living soil nematode, provides a tractable
model system for genetic studies of biological pathways that are
evolutionarily conserved. In this study, we identiﬁed dhs-21 as
the only DCXR ortholog that reduces L-xylulose and diacetyl com-
pounds in C. elegans. We found that dhs-21 may also regulate life-
span and reproduction. C. elegans may therefore provide a useful
model for research on and development of therapy for DCXR-re-
lated medical conditions, notably renal dysfunction and infertility.2. Materials and methods
2.1. Genetic background and maintenance of C. elegans strains
The following C. elegans strains were obtained from the CGC
(Caenorhabditis Genetics Center) at the University of Minnesota
(St. Paul, MN, USA): Bristol type (N2), daf-16(m26), daf-2(e1370),
and him-8(e1489). Worms were grown on standard Nematode
Growth Medium (NGM) seeded withEscherichia coli OP50 and han-
dled according to the established methods.
2.2. Chemicals
All chemicals were purchased from Sigma–Aldrich Company
(St. Louis, MO, USA), unless otherwise indicated.
2.3. Isolation of a dhs-21 deletion mutant
Screening for a dhs-21 mutant from a mutational library gener-
ated by TMP (trimethylpsoralen)/UV mutagenesis was performed
using nested PCR. A pair of outer primers (OutF: 50- GGA ATG
GCA TTG ATA ACA AAA ATA G-30; OutB: 50-AAC CTT TTT ACT GCC
AGC TTA ATT TC-30) was used for the ﬁrst round of PCR using sin-
gle-worm lysate as a template. The inner primer pair (InnerF: 50-
TCA AGG TAA GTC TTG AGA TGT TGA A-30; InnerB: 50-ATG GAA
TGA TAA GAT CAC GAA AGA A-30) was used for the second round
of PCR using the ﬁrst round of PCR products as a template. The pri-
mer located in the deletion region (DelB: 50-CCA TCG GAA GTC TTC
ATG AAC GAT-30) was paired with the InnerF primer to conﬁrm
homozygous deletion mutants.
2.4. Constructs and transgenic animals
To construct pAN249 (His(6X)::DHS-21), dhs-21 cDNA was
ampliﬁed from a cDNA library with the following primers: dhs21
senseF4 (50-CCGGAATTCCCCGCCAATTACGATTTCAC-30), and dhs21
antisense R4 (50-CCGCTCGAGCGGTTAGTTATTCGAAAATCCTC-30).
To construct the GFP fusion expression plasmid, the 2-kb upstream
sequence of the dhs-21 gene was ampliﬁed by PCR using R2 and R3
primers (R2: 50-CCC AAG CTT GAT GAA ACG GTT AG-30; R3: 50-CTA
GTC TAG ACA TTG TTT CGT CAG ATG ATA-30). The dhs-21 genomic
DNA spanning the entire coding region was ampliﬁed by PCR using
IF and IR primers (IF: 50-AAA CTG CAG GAG ATT AAG AAA TG-30; IR:
50-TTC CCC GGG GTT ATT CGA AAA TC-30). These PCR products
were cloned into the pPD95.79 vector to obtain the GFP fusion
pAN499 construct (pdhs-21::DHS-21::gfp). pAN499 (100 ng/ll)
was co-injected with injection marker plasmid pRF4 (100 ng/ll)into the N2 wild type worms to obtain transgenic progeny desig-
nated as KJ 6063.
2.5. Feeding RNAi
Synchronized young adults (P0) were placed on daf-16 or elt-2
Arhinger RNAi plates. DHS-21 GFP reporter expression or DHS-21
protein levels were measured in young adults of F1 generation.
2.6. Phenotypic analysis
The analyses of lifespan, brood size, and serotonin-or imipra-
mine-mediated egg-laying behavior were described previously
[10].
2.7. Recombinant DHS-21
The His(6x)-tagged recombinant DHS-21 protein was prepared
according to the standard method. Western blotting was per-
formed using polyclonal rabbit anti-calsequestrin antibodies, and
anti-DHS-21 antibody that was raised against recombinant DHS-
21.
2.8. DCXR assay
The DCXR assay was a modiﬁcation of the previous method [5].
The standard reaction mixture for the DCXR activity consisted of
0.1 M potassium phosphate buffer (pH 7.0), 0.1 mM NADPH
(NADH), at least ﬁve different concentrations between 0.02 and
8 mM of L-xylulose, and recombinant worm or rat DCXR in a total
volume of 1.0 ml. We used this assay to obtain apparent Km and
Vmax values. For the reverse reaction, xylitol and NADP+ were used
in place of substrate and NADPH, respectively.
2.9. Microscopy
Epi-ﬂuorescence of GFP expression in transgenic worms was
imaged using Axio Imager A1 microscope (Carl Zeiss, Germany),
and AxioVision image analysis program, AxioVs40 (v.4.6.3.0) (Carl
Zeiss Imaging Solution GmbH). For colocalization analysis, images
were captured using Carl Zeiss confocal microscope equipped with
the BD CARV II™ Confocal Imager, and manipulated with iVision
v4.0.11 software (Biovision Technologies, Exton, PA).
3. Results
3.1. C. elegans DHS-21 is a DCXR homolog using NADPH as a cofactor
DCXRs reduce L-xylulose to xylitol in the presence of NADPH or
NADH (Fig. 1A). A Blast search revealed that dhs-21 is the only
putative DCXRin C. elegans. A Clustal X analysis showed that the
deduced amino acid sequence of C. elegans DHS-21 is approxi-
mately 47% identical to other mammalian DCXR orthologs, and
68% similar to human DCXR at the protein level (Fig. 1B).
All of the known DCXRs except ALX1 from Ambrosiozyma
monospora use NADPH as an enzymatic cofactor [11]. Most resi-
dues engaged in binding NADPH in human DCXR were well con-
served in DHS-21 (Table S1). To conﬁrm that DHS-21 is a
bonaﬁde NADPH-dependent DCXR in the worm, we assayed the
enzymatic activity of recombinant DHS-21in the presence of either
NADPH or NADH. The recombinant DHS-21 reduced not only
L-xylulose, but also various other sugars and diacetyl ketones in
the presence of NADPH, but not NADH (Table 1). The DHS-21 activ-
ity was comparable to that of rat DCXR. Under these conditions, the
reverse reaction, from xylitol to L-xylulose, was not observed using
Fig. 1. DHS-21 from C. elegans. (A) Biochemical reaction catalyzed by DHS-21. (B) Alignment of amino acid sequences of DCXR homologs from mouse (MoDCXR; Q91X52),
human (HuDCXRP34H; Q7Z4W1), worm (DHS-21; Q21929) and yeast (ALX-1; CAE47547.1). Solid line indicates the NADPH/NADH binding motif and dotted line, the
substrate-binding motif. Critical amino acids for the cofactor- and substrate-binding motifs are indicated as single-letter amino acid codes. (C) The location of dhs-21 in
chromosome V. The deleted region (595–1331 bp position) in dhs-21(jh129) is indicated by a bar labeled with jh129. The location of primers for PCR genotyping is indicated
(OutF/OutB, InnnerF/InnerR and InnerF/DelB). (D) Genotyping of dhs-21(jh129). Primary PCR was performed using the outer primer set of OutF/OutB. The PCR products
ampliﬁed using the primary PCR products as templates and either inner primer set of InnerF/InnerR (lanes 1 and 3), or deletion primer set of Inner F/DelB (lanes 2 and 4). (E)
RT-PCR revealed shorter cDNA products of dhs-21(jh129) mutant. (F) Western blotting using anti-DHS-21 antibody predicted dhs-21(jh129) mutant was a null mutant.
Western blotting to calsequestrin (CSQ-1) was performed to control loading.
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catalyzes primarily the forward reaction (Fig. 1A). These results
identify DHS-21 as an actual ortholog of DCXR, which converts
L-xylulose into xylitol using NADPH as cofactor (Fig. 1A).
3.2. The dhs-21(jh129) deletion mutant is functionally null
The dhs-21 gene was physically mapped to the cosmid R11D1
between the sma-1 and mes-4genes on chromosome V (LG V)
(Fig. 1C). The full-length cDNA of DHS-21 obtained by PCR wasfully sequenced and conﬁrmed as the open reading frame of
R11D1.11, which consists of ﬁve exons predicted to encode a poly-
peptide of 251 amino acid residues.
To understand the biological functions of dhs-21 in C. elegans, a
deletion mutant of dhs-21 was isolated. The homozygous dhs-
21(jh129) mutant was conﬁrmed by a shorter band produced in
the nested PCR and the absence of a PCR product from the internal
PCR (Fig. 1D). Sequencing of RT-PCR products ampliﬁed from the
dhs-21(jh129) mutant mRNAs revealed that the mutant lost
736 bp spanning the entire second exon and part of the third,
Table 1
Kinetic constants of DHS-21 and rat L-xylulose reductase.
Substrates Cofactor Kcat
(s1)
Km
(mM)
Kcat/Km
(s1 mM1)
Ce DHS-21
L-Xylulose NADPH 4.98 0.66 7.55
L-(+) Erythrulose NADPH 3.32 0.17 19.03
D-Erythrose NADPH 1.80 0.27 6.75
D-Threose NADPH 2.32 0.68 3.42
D-Xylulose NADPH 1.22 2.58 0.47
L-Ribulose NADPH 0.49 0.18 0.36
1,4-Dibromo-2,3-
butanedione
NADPH 85.82 8.54 10.01
2,3-Heptanedione NADPH 2.84 0.02 133.61
L-Arabinose NADPH UD*
L-Xylulose NADH UD*
Xylitol NADP UD*
Rat DCXH
L-Xylulose NADPH 9.83 0.11 92.36
* Undetectable.
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(Fig. 1E). Rabbit polyclonal antibody against recombinant DHS-21
detected a single protein band at approximately 27 kDa in wild-
type worm lysates, but no corresponding band was detected in
jh129 mutants. This conﬁrmed that the deletion mutant was func-
tionally null (Fig. 1F).
3.3. Spatial and temporal expression pattern of the DHS-21::GFP
To examine the spatial and temporal expression pattern of DHS-
21, we constructed a plasmid harboring a GFP fusion with DHS-21
driven by the dhs-21 promoter, and injected it into wild-type
young adult worms (Fig. 2A). Analysis of the transgenic worm re-
vealed that dhs-21::gfp ﬂuorescence was especially prominent in
the intestine (Fig. 2B), utse (Fig. 2C), gonadal sheath cells
(Fig. 2D) and sp-ut valve (Fig. 2E). First, diffused GFP ﬂuorescence
was detected as early as two-fold embryos, and the expression in
intestine was observed at L1 through L3 stage (Fig. S1A–C). Then,
the utse, gonadal sheath cells and sp-ut valve expression became
obvious at L4 (Fig. S1D). The spatial expression of intestine, utse
and gonad continues up to 5–7 days (Fig. S1E). Male adults dis-
played a similar expression pattern, except for the utse, which is
absent in males (data not shown). Using immune-gold electron
microscopy (EM) with anti-DHS-21, the functionally null dhs-
21(jh129) mutant showed, as expected, only rare electron-dense
particles in the gonads (Fig. 2G) and intestines (Fig. 2I), whereas
wild-type animals displayed such particles in abundance (Fig. 2F
and H). Immunostaining using anti-DHS-21 antibodies detected
DHS-21 on the plasma membrane of spermatids from him-
8(e1489), which produces an excess of males through X-chromo-
some non-disjunction (Fig. 2J and N). DHS-21 was not detected
in the ﬁbrous body-membranous organelles (FB-MOs), the
sperm-speciﬁc vesicles containing proteins required for spermato-
genesis, since DHS-21 did not colocalize with 1CB4 antibody,
which speciﬁcally stained the FB-MOs (Fig. 2M).
3.4. Life span of dhs-21(jh129)worms is reduced compared to the wild
type
DCXR detoxiﬁes chemically reactive carbonyl compounds,
notably the a-dicarbonyl compounds that mediate damage by oxi-
dative stress and glycation, and reactive oxygen species, in turn, in-
duce DCXR expression [9]. Of particular interest, the a-dicarbonyl
metabolites accumulate in the process of aging. We therefore
tested whether DHS-21 activity is in fact protective against aging
in C. elegans, by measuring the life span of dhs-21(jh129). The meanlife span of dhs-21(jh129) worms was15.30 ± 2.67 days, signiﬁ-
cantly shorter than that of wild-type worms (18.13 ± 2.57 days)
(Fig. 3A). The value was comparable to that of daf-16(m26), a
C. elegans mutant with life span reduced through down-regulation
of genes that initiate the long-lived, stress-resistant larval stage
(the dauer). The defect in life span was rescued by expressing
DHS-21::GFP driven by dhs-21 promoter. Our results suggest that
DHS-21 acts to maintain normal lifespan in C. elegans.
3.5. The dhs-21(jh129) mutants show egg-laying impairment and
decreased brood size
Predominant expression ofdhs-21(jh129) in reproductive organs
led us to analyze the requirement for dhs-21 in reproduction. The
brood size of dhs-21(jh129)was signiﬁcantly lower than in the wild
type and dhs-21(jh129)[pdhs-21::dhs-21::gfp] (Table 2). The num-
ber of eggs laid by one dhs-21(jh129) adult during its entire life
span was approximately 70% of wild-type egg production. RNAi
against dhs-21 replicated the result shown by the mutant jh129.
Furthermore, egg-laying ability was impaired in dhs-21(jh129)mu-
tants. Wild type worms normally carry one string of eggs in the
uterus (Fig. 3B). In contrast, the dhs-21(jh129) mutants retained
an obvious excess of eggs (Fig. 3C). The average number of eggs
in the uteri of mutant adults was 22.4 ± 1.3, which was signiﬁ-
cantly higher than the numbers (14.0 ± 0.6) for the N2 wild type
and 13.6 ± 2.7 for dhs-21[pdhs-21::dhs-21::gfp] (Fig. 3D and E). This
abnormal egg-laying did not apparently result from a malforma-
tion of vulva, because the morphology of the vulva in dhs-
21(jh129) was indistinguishable from that of the wild type worm
(Fig. 3F and G). In addition, the wild type and dhs-21(jh129) did
not differ signiﬁcantly in the egg-laying rate, measured as the
number of eggs laid in M9 buffer during 90 min (Fig. 3H).
In C. elegans, a single pair of the HSN neurons triggers contrac-
tion of the vm2s vulval muscles by releasing serotonin (5-HT), and
the action of this egg-laying circuitry is essential for opening the
vulva [12]. Worms with properly developed vulval muscles and in-
tact HSNs are sensitive to both 5-HT and imipramine, a serotonin
uptake inhibitor acting at the presynaptic terminal of the vulval
neuromuscular junction. This prompted us to treat dhs-21(jh129)
with serotonin or imipramine to test the integrity of the egg-laying
circuitry. Either 5-HT or imipramine from an exogenous source en-
abled dhs-21(jh129)mutants to lay eggs in a manner indistinguish-
able from that of wild type worms. This showed that the dhs-21
mutation did not alter development of the vulval muscles or the
HSNs (Fig. 3G). It is therefore unlikely that the egg-retention phe-
notype of the dhs-21(jh129) mutant worm is attributable to struc-
tural defects in the vulval muscles or HSN neurons.
3.6. daf-16 and elt-2 regulate dhs-21
DCXR expression is closely linked to changes in physiological
conditions [7–9]. Because DHS-21 inﬂuenced longevity, we tested
the role of daf-16 in dhs-21 expression. Knock-down of daf-16by
RNAi increased the expression of a dhs-21::gfp reporter in the
transgenic worms (Fig. 4C and D), to a level higher than in the wild
type (Fig. 4A and B). Endogenous DHS-21 protein also increased to
at least twice the level in worms treated with control RNAi (Fig. 4G
and H). These results suggest that DAF-16 may be involved in
down-regulation of the dhs-21 gene expression. DHS-21 was
expressed mostly in the intestine (Fig. 2B) and ELT-2 is a GATA
transcription factor that initiates and maintains terminal differen-
tiation within the intestine. RNAi knock-down of elt-2 signiﬁcantly
reduced ﬂuorescence of dhs-21::gfp in KJ6063 transgenic worms
(Fig. 4E and F). In addition, treatment with elt-2 RNAi led to a
reduction in endogenous DHS-21 protein of approximately 20%
in the worms. Taken together, these results suggest that dhs-21
Fig. 2. Expression and localization of DHS-21. (A) DHS-21::GFPfusion construct pAN449. The GFP signal was visible in the whole intestine (B), uterine seam cell (utse; C),
gonadal sheath cells (D) and spermathecal uterine valve (sp-ut valve; E). Scale bar: 100 lm. Immunogold EM revealed that DHS-21 was present in gonads (F) and intestine (H)
of the N2 wild type, whereas it was not detected in dhs-21(jh129)worms (G and I). Scale bar: 0.5 lm. Immunostaining of DHS-21 on spermatids was imaged using confocal (J–
M) or epi-ﬂuorescent microscopy (N–Q); DHS-21 (J and N), 1CB4 (K and O), DAPI (L and P), and merged (M and Q), him-8(e1489) (J–M) and him-8; dhs-21 (N–Q). Scale bar:
10 lm.
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and through this, may inﬂuence gut development.
4. Discussion
DCXR converts L-xylulose to xylitol and reduces reactive
a-dicarbonyl compounds that form AGEs. Through these activities,
DCXR may be essential for normal renal function and certain
detoxiﬁcation reactions in humans. We identiﬁed dhs-21 as the
only DCXR ortholog in C. elegans.
DHS-21 effectively reduces L-xylulose to xylitol in the presence
of NADPH, but not with NADH. The amino acid residues of DHS-21
that bind cofactor showed a higher degree of similarity with those
of the mammalian homologues than with those ofALX1, which
uses NADH (Fig. 1B). Reportedly, two subunits of human DCXR
may interact by means of salt bridges to form dimers and two-di-
mer units, which in turn form a catalytic tetramer [13]. The amino
acids that mediate these interactions are conserved in C. elegans
DHS-21, which increases the likelihood that DHS-21 forms a func-
tional tetramer.
The a-dicarbonyl compounds cause cell death through various
mechanisms, including the oxidative stress response, which mayaccelerate the process of aging [9]. DHS-21 was highly expressed
in the intestine, a primary organ of environmental exposure, and
the site wherein daf-16 acts to restore normal life span in daf-16
deﬁcient mutants, and in reproductive organs, which also inﬂuence
life span [14,15]. It is therefore possible that DHS-21 promotes lon-
gevity by protecting these tissues from reactive carbonyl com-
pounds. Surprisingly, daf-16 RNAi shows that daf-16 normally
represses dhs-21::gfp reporter expression either directly or indi-
rectly, while life extension through loss of daf-2, the insulin recep-
tor, was dependent on dhs-21 (data not shown). Currently, it is not
clear whether the ability of DCXR to convert L-xylulose to xylitol
also contributes to maintaining normal lifespan. In humans, the
lack of one DCXR allele in red blood cells causes essential pentosu-
ria, which makes the patient’s urine extremely reducing [3,16].
This suggests that the dhs-21(jh129) mutation induces an imbal-
ance in the redox state, which may indirectly inﬂuence lifespan.
Worms that lacked dhs-21 activity produced fewer progeny and
lost control of egg retention in the uterus. Several different
reproductive tissues expressed dhs-21 at high levels, including
the gonadal sheath cells, utse, and sp-ut valve. Gonadal sheath cells
are intimately associated with the germline and necessary for
several aspects of germline development including proliferation,
Fig. 3. Longevity and egg-retention of the dhs-21(jh129) mutant. (A) Life span of
dhs-21mutant was signiﬁcantly lower than in wild-type worms. The short life span
was rescued by DHS-21::GFP expression driven by DHS-21 promoter. Life span of
N2 was 18.13 ± 2.57 (n = 136), and those of dhs-21(jh129), daf-16(m26), daf-
2(e1370), and dhs-21(jh129)[pdhs-21::dhs-21::GFP] were 15.3 ± 2.67 (n = 76,
P < 0.0001), 15.0 ± 1.62 (n = 64), 50.28 ± 5.11 (n = 43), and 17.5 ± 0.94 (n = 147),
respectively. (B–D) dhs-21(jh129) adults accumulated eggs in uterus compared to
the N2 wild type and dhs-21(jh129)[pdhs-21::dhs-21::GFP]. (F and G) dhs-21(jh129)
mutants developed vulva with no morphological defect. (E) The number of eggs in
the adult uterus was quantiﬁed. The value for wild type was 14.0 ± 0.6 (n = 30), and
those of dhs-21(jh129) and dhs-21(jh129)[pdhs-21::dhs-21::GFP] were 22.4 ± 1.3
(n = 30) and 13.6 ± 2.7 (n = 43), respectively. ⁄P < 0.0001. (H) dhs-21(jh129) mutants
laid eggs as the normal wild type when treated with 12.5 mM serotonin (5-HT) or
0.75 mg/ml imipramine for 2 h at room temperature. Wild-type animals laid
0.10 ± 0.04 eggs in M9, 6.50 ± 0.57 in 12.5 mM 5-HT, and 10.69 ± 0.52 in 0.75 mg/ml
imipramine, whereas dhs-21(jh129) laid 0.08 ± 0.04, 7.70 ± 0.62, and 11.04 ± 0.43
eggs, respectively, in these media. Scale bar: 100 lm (B–D) and 10 lm (F and G).
Table 2
Brood size at 20 C.
Strain Eggs n t-test P values
N2 268 ± 5 28
dhs-21(jh129) 188 ± 4 70 <0.001
N2; L4440 (control RNAi) 184 ± 8 10
N2; dhs-21 (RNAi) 154 ± 7 10 <0.001
dhs-21(jh129)[pdhs-21::dhs-21::gfp] 260 ± 5 72
Fig. 4. Regulation of dhs-21 expression. (A and B) DHS-21::GFP-expressing
transgenic worms fed bacteria transformed with empty vector L4440 (RNAi
control).(C and D) DHS-21::GFP-expressing worms fed with daf-16 RNAi-producing
bacteria (note higher green ﬂuorescence intensity than in RNAi control). (E and F)
DHS-21::GFP-expressing worms fed with elt-2 RNAi (note lower green ﬂuorescence
intensity than in RNAi control).(G) Representative images of western blot bands
showing the internal DHS-21 protein levels in wild type worms treated with
indicated RNAi. (H) Relative band intensities from three independent experiments
were quantiﬁed using calsequestrin as a loading control. Scale bar: 100 lm.
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plausible that reduced brood size in dhs-21(jh129) resulted from
inadequate signaling or from insufﬁcient support and protection of
the somatic gonad for germline development in gonadal sheath cells.Gonadal sheath cells are connected by gap junctions to oocyte
and spermatheca, where spermatids are activated and fertilization
takes place [12]. The intimate association between these organs
facilitates coordination of the sheath contraction rate with oocyte
maturation and circumferential dilation of spermatheca [17]. In
addition, the sp-ut valve, another dhs-21 expression site, rhythmi-
cally dilates during ovulation [18]. Dilation of the spermatheca is
triggered by activation of the LIN-3/LET-23 receptor tyrosine ki-
nase (RTK). The RTK pathway leads to an increase in inositol
1,4,5-triphosphate (IP3), which induces dramatic changes in cell
shape and extension by a mechanism that may involve calcium re-
lease [19]. The dilation of spermatheca and the sp-ut valve is
accompanied by pronounced morphological changes and possibly
expansion in cells, which maybe further affected by osmotic pres-
sure of the cytoplasm. The observation that xylitol acts as an osmo-
lyte in airway surfaces of the lung suggests that DCXR activity may
also inﬂuence osmoregulation in renal tubules [5]. Along with the
RTK intracellular signaling mechanism, osmotic regulation based
on the production of xylitol by DHS-21 may be involved in the reg-
ulation of the valve dilation by controlling osmotic pressure of the
sp-ut valve, to induce timely and uniformly spaced ovulation. To
facilitate egg-laying, DHS-21 may also control the breakage of
the utse at ﬁrst ovulation by regulating its tension and elasticity.
The utse forms a hymen, or membrane between the uterine and
vulval lumina, and DHS-21 may inﬂuence its tension by osmotic
regulation.
1316 L.T. Son et al. / FEBS Letters 585 (2011) 1310–1316DCXRs are highly expressed in human epididymis and present
on sperm surfaces. The loss of P34H, the DCXR on the sperm cell
surface in the acrosomal region, is associated with idiopathic infer-
tility in men [6]. Therefore, P34H is proposed as a novel target for
male contraception. It is not clear what cells produce DHS-21 on
the plasma membrane of worm spermatids. Eventually fusing with
the sperm plasma membrane, FB-MOs contain proteins required
in the future spermatid and spermatozoon, including the major
sperm protein (MSP), which stimulates oocyte maturation and go-
nadal sheath cell contraction, and promotes spermatozoan motility
by dynamic cytoskeletal polymerization [20]. Absence of DHS-21
ﬂuorescence in FB-MOs suggests that DHS-21 may not be present
in FB-MOs. It remains to be seen whether DHS-21 controls fertility
directly in the nematode as in humans, and whether it affects
sheath contraction and ovulation by modifying the activity of
MSP or other sperm surface proteins that promote motility and
fertilization.
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